The supermolecule approach has been used to model molecules embedded in solid argon matrix, wherein interaction between the guest and the host atoms in the first solvation shell is evaluated with the use of density functional calculations. Structural stability and simulated spectra have been obtained for formic acid dimer (FAD)-Ar n (n = 21-26) clusters. The calculations at the B971/6-31++G(3df,3pd) level have shown that the tetrasubstitutional site on Ar(111) plane is likely to incorporate FAD most stably, in view of consistency with the matrix shifts available experimentally.
I. INTRODUCTION
Matrix-isolation technique was proposed in 1954 by two groups almost simultaneously 1 for the purpose of trapping reactive species. Since then, it has been developed in combination with various spectroscopic methods, 2 including infrared and Raman spectroscopy. Spectra of matrix-isolated species show simple features due to the hindrance of molecular rotation and the suppression of hot bands at cryogenic temperature, and can be interpreted in line with those in gas phase, by adding small frequency correction called matrix shift. 3 Although they can be complicated by the existence of multiple trapping sites, [4] [5] [6] vibrational structure usually remains the same as in gas phase.
Recently, a notable change of vibrational spectra upon matrix isolation has been reported for some molecules. Rutkowski et al. found that one of the Fermi diad of acetylene becomes invisible in liquid N 2 , CO, and CO 2 . 7 Similar behavior has been reported for C 2 H 2 in solid N 2 matrix 8 and in solid para-H 2 matrix. 9 On the other hand, the Fermi diad is kept intact in rare gas matrices, 7 suggesting the importance of anisotropy of host-guest interaction.
Formic acid dimer (FAD) is one of the prototype for hydrogen-bonded molecular complexes, and has been a subject of intense studies in the field of vibrational spectroscopy, both in gas phase 10 and in solid matrices. 11 We found that gas phase spectrum of the ν 22 C-O stretching band is split into three by strong Fermi resonance, 12 whereas the Fermi triad is diminished in rare gas matrices. 13 This phenomenon cannot be accounted for as in the case of C 2 H 2 , since rare gas atoms are isotropic. Instead, we explained the difference of vibrational structure qualitatively as a result of detuning of the relevant states due to the anisotropy of the trapping site. Its computational reproduction was, however, not carried out, since such calculations would require a quantum chemical treatment of the interaction between FAD and surrounding Ar atoms. Numerous theoretical studies have been done for simulating matrix-isolation process in the framework of classical molecular dynamics, [14] [15] [16] [17] [18] [19] [20] and the influence of solvation on the vibrational spectra has been evaluated for SF 6 -Ar n clusters using Monte Carlo method. 21, 22 All these studies, however, rely on empirical potential functions. For the quantum chemical treatment of the matrix effect, we can refer to the pioneering works of Eriksson et al., [23] [24] [25] and one 27 of the serial studies on matrix-isolated porphyrin by Kyrychenko et al. [26] [27] [28] A recent progress in this field is the hybrid quantum mechanics/molecular mechanics (QM/MM) approach and its variants, [29] [30] [31] [32] where solute molecule is treated quantum mechanically and the host-guest interaction is computed by molecular mechanics. This sophisticated treatment has proven to reproduce experimental results well for the HArF molecule in Ar matrix.
The purpose of the present study is to present a simple model for the matrix-isolated FAD in solid Ar by supermolecule approach and to evaluate the effect of solvation nonempirically. As a compromise between heavy computational demand in this end and hardware resources available to us, we chose to describe this system by molecular clusters FAD-Ar n where only the first solvation shell was taken into account. Another important approximation was to use density functional theory (DFT) for the calculations, instead of post-SCF methods, to evaluate the host-guest interaction, since the DFT methods are far less demanding computationally. In this respect, there is a similarity between the very recent work of Trakhtenberg et al. on matrix-isolated HCOOH monomer 33 and ours. We will discuss the similarity and the difference between these two studies in subsequent chapters.
The present study proceeds in the following manner:
(1) The selection of functional and basis set. 
II. METHODS OF CALCULATIONS AND SOME BENCHMARKS
All calculations were performed with GAUSSIAN 03 and GAUSSIAN 09 suites. 34, 35 
A. Preliminary calculations for selection of functional
Since FAD is nonpolar, we can expect that the host-guest interaction between FAD and Ar atoms contains large contribution of dispersion interaction. It is therefore crucial to choose an appropriate functional which can reproduce dispersion forces quantitatively. The development of such functionals in itself has been a hot topic in the field of computational chemistry in the last decade. [36] [37] [38] [39] [40] [41] At the same time, the functional should describe hydrogen bonding of FAD as well. To find out such functional, preliminary calculations were carried out for bare FAD with some qualified functionals, i.e., PW91PW91, MPWPW91, MPW1PW91, PBEPBE, B971, in combination with the 6-31G(d,p) basis set. The results of the calculations, which are summarized in Table I , clearly show that the four functionals-PW91PW91, MPWPW91, PBEPBE, and MPW1PW91-cannot describe the H-bond interaction of FAD properly, as seen from short intermolecular O-H-O distance in comparison with the experimental value from electron diffraction study 42 and overestimation of the infrared intensity for the ν 18 band. As a result, these four functionals were ruled out from the subsequent calculations.
It has been shown that the B3LYP functional gives good estimate for the structure and vibrational frequency of FAD. [44] [45] [46] As seen in Table I , the B971 47 also predicts these quantities well. A comparison of the results of second-order Møller-Plesset perturbation theory calculation and those with B3LYP and B971 shows large discrepancy in the infrared intensity of the ν 18 band. As pointed out in Ref. 44 , this band borrows intensity from the O-H stretching mode. This result indicates that the reproduction of the intensity borrowing depends critically on the level of calculation. In fact, the calculations with a larger basis set 6-311+G(2df,p) showed convergence of the ν 18 It suggests that the B971 functional gives more reliable results than B3LYP in combination with the small basis set 6-31G(d,p). Therefore, it seems reasonable to employ B971 in the subsequent calculations.
B. Further benchmark calculations with B971
Next, we performed benchmark calculations for formic acid (FA)-Ar complex and Ar dimer at the B971/6-31+G(2d,p) level to be compared with corresponding experimental results. 48, 49 The results summarized in Table II show that binding energy and structure for FA-Ar can be reproduced well by these calculations though dispersion force between two Ar atoms is underestimated. The prediction of small Ar-Ar interaction is not critical for the present work, since Ar atoms in the FAD-Ar n cluster were fixed during calculation, as explained in Sec. III. The results for the FA-Ar complex are consistent with those reported by Lundell and co-workers [50] [51] [52] obtained at higher levels of theory, and the work of Trakhtenberg et al..
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III. STRUCTURE OPTIMIZATIONS AND VIBRATIONAL CALCULATIONS OF FAD-Ar n CLUSTERS
We assumed that FAD resides in substitutional sites in solid Ar, and modeled the matrix-isolated FAD as a FAD-Ar n cluster, where Ar atoms in the nearest neighbor are taken into account. For simplicity, we assumed that the substitutional sites are located on (100), (110), and (111) planes of fcc Ar lattice. Coordinates for the Ar atoms were obtained from known lattice constant (5.256 Å) and space group (Fm3m, No. 225) using VESTA. 53 The size of each cavity was derived visually in an attempt to dock FAD into the trapping site using Chem3D. FAD surrounded by in-plane Ar atoms were then "bicapped" to close the first solvation shell, in order to evaluate the influence of the host-guest interaction on out-of-plane bending modes. The FAD-Ar n clusters thus constructed and corresponding numbers of removed Ar atoms are as follows:
On (100) The structure of each cluster is displayed in Fig. 1 . It should be noted that the number of removed atoms, which was restrained to be <5 to narrow down the structural candidates, increases in the order of (110), (100), and (111), since number density of Ar atoms on each plane increases in the same order.
In the DFT simulation of matrix-isolated porphyrin, Kyrychenko et al. incor porated two in-plane host layers into the calculation and allowed the first shell to relax during structure optimization. 27 In the present study, coordinates of Ar atoms were fixed during calculations, since the absence of the second nearest layer resulted in large rearrangement of Ar atoms during the structure optimization. Such a relaxed geometry of FAD-Ar n , which is plausible for an isolated cluster in gas phase, seems unsuitable for modeling FAD embedded in solid matrix. At this point the present study contrasts with the work of Trakhtenberg et al.; 33 they modeled the embedded HCOOH monomer as the HCOOH-Ar 12 cluster with varying Ar coordinates during structure optimization.
Structure optimization for each FAD-Ar n cluster was thus carried out by varying coordinates of FAD in a Cartesian frame at the B971/6-31+G(2d,p) level. At each optimized geometry, solvation energy was computed from the following equation: E is a criterion for the stability of the cluster; it is reasonable to assume that those with E < 0 are allowed to exist as local structures in solid Ar matrix. E's are collected in Table III , and graphically displayed in Fig. 2 .
For the FAD-Ar n clusters with E < 0, we performed further structure optimization/frequency calculation at the B971/6-31++G(3df,3pd) level. The calculation of bare FAD at the same level of theory was also carried out to compute matrix shift for each normal mode. Since vibrational calculations of the FAD-Ar n clusters involve libration modes of FAD in the cavity, the extraction of the normal modes was carried out visually using GaussView and WebMO. The results of the vibrational calculations are summarized in Tables IV-VI.
IV. RESULTS AND DISCUSSION
A. Stability of FAD-Ar n clusters
As seen in Table III , three FAD-Ar n clusters were found to be stable; two of them correspond to tri-and tetrasubstitutional sites on (111) plane and another mimics a tetrasubstitutional site on (100) plane. Figure 2 shows the dependence of the solvation energy ( E) on the number of removed Ar atoms (N) on each crystallographic plane. A large dependence of E on N, as seen for (111) and (100), indicates that in-plane host-guest interaction is dominant contribution to E. On (110) plane, on the other hand, E is relatively independent of N. This difference originates from spacing of lattice plane: as number density of Ar atoms on each plane decreases in the order of (111), (100), and (110), the spacing decreases in the same order. In fact, the distance between two Ar caps is 6.07 Å for (111), 5.256 Å for (100), and 3.717 Å for (110), respectively. Thus, the predicted instability of FAD in the substitutional sites on (110) plane results from out-ofplane host-guest repulsion; these sites are not large enough vertically. This is why further calculations of tetrasubstitutional sites on (110) plane were not carried out. The situation is the other way around on (100) and (111) plane.
B. Normal modes of FAD-Ar n clusters and a comparison of computed and observed matrix shifts
Tables IV-VI include calculated vibrational frequency and matrix shift for each normal of FAD in comparison with those obtained from reported experimental results. 12, 13, 43, [54] [55] [56] Gas phase spectra measured in jet conditions 12, 43, 54, 55 were used to derive matrix shifts, in order to eliminate the influence of hot bands. Since these observations of jet-cooled FAD are still limited (especially in the infrared region), the shifts were obtainable for the following bands:
Infrared active: ν 17 (asymmetric O-H stretching), ν 18 (asymmetric C-H stretching), and ν 22 (asymmetric C-O stretching). Raman active: ν 7 (symmetric OCO bend), ν 8 Herzberg notation, 59 since Raman studies of FAD have been consistently done with this vibrational numbering. [54] [55] [56] [57] [58] It should also be mentioned that the order of the Raman active bands of the O-H and the C-H stretching modes is dependent on the calculation. The vibrational calculation at the B971/6-31++G(3df,3pd) level predicts ν 1 to be symmetric C-H stretching, whereas O-H stretching mode is predicted as ν 1 band at B971/6-31+G(2d,p). Similar subtlety was found in the result of DFT calculation in Ref. 56 , where the order is reversed by taking into account of anharmonicity. Since a supplementary calculation at the MP2/6-311++G(2df,p) level shows higher frequency for the C-H stretching mode, it seems that the present vibrational calculation predicts appropriate order.
The vibrational calculation predicted the following characteristics for the FAD-Ar 25 cluster (FAD in trisubstitutional site on (111) plane): first, several modes of FAD are decoupled and localized on one formic acid moiety. Such decoupled modes are marked with asterisks (*) in Table V , and one of them (the C-H stretching mode) is graphically shown in Fig. 3 . Since this cavity has no centrosymmetry, the trapped FAD is slightly distorted asymmetrically, as seen in the intermolecular distance R(O-H-O) = 2.556 and 2.625 Å (2.653 Å for bare FAD). The predicted large change of vibrational characters originates from this strong, asymmetric host-guest interaction between FAD and Ar cage. Second, the antisymmetric O-H stretching mode is located below the C-H stretching modes. These characteristics are not consistent with experiments; the change of vibrational structure of FAD upon matrix isolation is only modest. Therefore, this cluster is not appropriate as a model of the matrix-isolated FAD observed experimentally.
On the other hand, the vibrational character of FAD is preserved in the two remaining FAD-Ar 26 clusters; each band consists of symmetric and antisymmetric superposition of monomer vibrations, since these trapping sites are centrosymmetric. FAD in the tetrasubstitutional site on (111) R(O-H-O) between these two sites results in different matrix shift of the O-H stretching modes; red shift on (111) and blue shift on (100). As expected, intermolecular out-of-plane bending modes in these two sites show large blue shift due to strong hindrance in the Ar cages. The blue shift of ν 12 band is in qualitative agreement with experimental observation. [54] [55] [56] These characteristics in matrix shifts are essentially the same for the calculation with the smaller basis set 6-31+G(2d,p), as seen in parentheses of the fifth columns in Tables IV and  VI . Although the present calculation is not good enough to reproduce observed small matrix shifts quantitatively, the By assuming that anharmonic coupling constants among these levels are invariant upon matrix isolation, intensity borrowing in the triad can be calculated. The result is graphically shown in Fig. 4 . The Fermi triad is, therefore, shown to be diminished upon matrix isolation due to detuning of relevant levels. The large blue shift of the out-of-plane bending mode ν 15 gives a large contribution to this detuning, in agreement with a qualitative account proposed previously.
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V. CONCLUSION
We performed supermolecule calculations on the FADAr n clusters to model FAD embedded in Ar matrix with the use of DFT. With the assumption that FAD is trapped in substitutional sites on low-order crystal planes, ten different clusters were examined and three of them were found to be stable. Further vibrational calculations suggest that FAD is likely to reside in a tetrasubstitutional site on (111) plane of solid Ar, in view of consistency of the calculated matrix shifts and those derived experimentally. This conclusion is also supported from the largest solvation energy in this site.
Finally, we must admit that larger substitutional sites might exist, since the number of removed Ar atoms was limited up to four in order to narrow down the structural candidates. In this respect, the present study may be regarded as a checkpoint to give a lower bound for the size of the cavity nonempirically. Another concern is, as a matter of fact, that the present calculation is not correct quantitatively. To achieve quantitative agreement, more sophisticated modeling such as a combination of MD and DFT calculations will be required, which is far beyond our scope and resources available to us.
